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Dielectric relaxation and localized electron 
hopping in colossal dielectric {Nb,ln)-doped 
TiO2 rutile nanoceramics 
Kosuke Tsuji,3 HyukSu Han.be Sophie Guillemet Fritschc and Clive A. Randall*3 
Dielectric spectroscopy was performed on a Nb and l n  co-doped rutile Ti02 nano-crystalline ceramic 
(n-NITO) synthesized by a low-temperature spark plasma sintering (SPS) technique. The dielectric 
properties of the n-NITO were not largely af fected by the metal electrode contacts. Huge dielectric 
relaxation was observed at a very low temperature below 35 K. Both the activation energy and relaxation 
time suggested that the electronic hopping motion is the underlying mechanism responsible for the 
colossal dielectric permittivity (CP) and its relaxation, instead of the internai barrier layer effect or a 
dipolar relaxation. With Havriliak Negami (H N) fitting, a relaxation time with a large distribution of 
dielectric relaxations was revealed. The broad distributed relaxation phenomena indicated that Nb and l n  
were involved, controlling the dielectric relaxation by modifying the polari2ation mechanism and localized 
states. The associated distribution function is calculated and presented. The frequency-dependent a.c. 
conductance is successfully explained by a hopping conduction model of the localized electrons with the 
distribution function. lt is demonstrated that the dielectric relaxation is strongly correlated with the hop ping 
electrons in the localized states. The CP in SPS n-NITO is then ascribed to a hopping polarization. 
DOi: 10.1039/c7cp00042a 
Introduction 
It is of interest to search for colossal permittivity (CP) materials 
for low-frequency capacitor applications. In the last 20 years or 
so, CP has been reported in many material systems, such as 
caCuTi012/•2 doped-Ni0,3 Ba4YMn3011.5,
4 and Cu0.5 The CP 
in these materials has been explained in terms of Maxwell­
Wagner interfacial polarization, resulting from a depletion layer 
between grain/grain boundary or grain/electrode interfaces. 
The former case is often referred to as "internai barrier layer 
capacitance (IBLC)". The CP owing to Maxwell-Wagner polarization, 
however, is often accompanied by a high dielectric loss (tan{, > 
0.05) and temperature-frequency instabilities.6 
In 2013, Hu et al demonstrated that a (Nb,In}-doped Ti02 
(NITO) rutile structure could achieve CP ( ~ 6 x 104) with 
tan{, < 0.05 and excellent temperature-frequency characteristics 
over 100-400 K and 10-105 Hz. 7 Yet the origin of the mechanism 
of the dielectric properties is not fully clarified. They correctly 
assumed a complex and localized defect dipole relaxation, and 
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this was inferred from a combination of density functional theoiy 
calculations, as well as structural and electrical characteriz.ations. 
Later, their conclusions Yoere further supported by other groups. s-io
In contrast, the IBLC effect has also been proposed as an origin 
of CP in NITO ceramics. The resistive grain boundaries in NI10 
ceramics were elucidated by current-voltage and impedance 
measurements.11-13 More recently, some alternative explanations, 
such as polaronic relaxation,14 or a mixed contribution of the 
defect-dipole, polaronic, and electrode-ceramic interface effect, 
have been proposed.15 In many cases, the origin of CP has been 
argued by the existence of the "barrier", that is, the resistance 
and activation energy of the grain and grain boundaries. But 
complexities arise from the fact that the IBLC effect could have 
less significance, even though the barrier layer structure exists 
in one material.16•17 
In early research on the dielectric relaxation phenomenon, 
Debye showed that a complex permittivity, 8*, would have a 
functional form of18 
8°(w) = 8 + e.
800
00 1 + jan (1) 
where 88 and 80:, are the static and dynamic permittivity values. 
w and 1: are the angular frequency and relaxation time, respectively. 
Although 1: is known to have a characteristic time depending 
on the relaxation mechanism, less attention has been paid to 
the argument for CP in NITO compared to the barrier layer 
As shown in Fig. 2(a), e0 started to rapidly decrease below
35 K from the higher frequency side, though the plateau regime
of e0 could not be observed, due to the measurement limit
( fo 2 106 Hz). It is clear that the relaxation in Fig. 2(a), which
should be caused by one polarization mechanism, achieved CP
above 35 K in n-NITO ceramics. Meanwhile, the imaginary part
of the relative permittivity, e00, shows a Debye-like relaxation
peak. As temperature decreased, the loss peak in e00 shifted
towards lower frequency, with a slight increase of the peak
height. For this kind of a thermally-activated process, the
relaxation time, t, in eqn (1) is given by the Arrhenius law:24
t ¼ 1=or ¼ 1=2pfr ¼ t0 exp Ea
kBT
 
(2)
where Ea, kB, T, t0 and fr(=or/2p) are the activation energy, the
Boltzmann constant, the temperature, the pre-exponential
factor, and the frequency at the peak maximum, respectively.
The fr was obtained from the frequency at the peak maximum
of e00, as shown in Fig. 2(a). An Arrhenius plot of eqn (2) is shown
in Fig. 2(b), where Ea = 9.33  103 eV and t0 = 1.44  109 s
were provided respectively. Table 1 summarizes t0 and Ea for
various types of relaxation in some ceramics. The typical Ea for
Fig. 1 Dielectric properties of n NITO (a) as a function of frequency with
Pt, Au and Ag electrodes at room temperature, and (b) as a function of
temperature with an Au electrode.
characteristics. Therefore, an extensive study on the relaxation 
phenomena with a classical theoretical work, such as Havriliak–
Negami,19 Jonscher,20 or Macdonald,21 should give critical 
insights into the physical aspects of the CP in NITO ceramics.
Previously, we demonstrated that the CP in nano-crystalline 
NITO (n-NITO) ceramics synthesized by a low-temperature 
spark plasma sintering (SPS) technique is not owing to the 
IBLC eﬀects and is ascribed to the relaxation of localized 
electrons.22 In the present work, we investigate the dielectric 
relaxation, focusing on the origin of CP in n-NITO ceramics. 
First, the electrode–ceramic interface effect was investigated. 
Then, dielectric spectroscopy was performed on a huge dielectric 
relaxation in n-NITO. The nature of the relaxation is discussed 
based on the Havriliak–Negami (H–N) model. The role of the 
localized electrons for the CP is explained through the correlation 
with the a.c. transport mechanism.
Experimental
NITO powders were prepared by the oxalate precipitation 
method used in a previous work.22 Raw powders, InCl3 (Sigma-
Aldrich, 98%) and NbCl5 (Sigma-Aldrich, 99%), were all dissolved 
in water and ethanol and then mixed with a lab made TiOCl2 oxalic 
acid solution. Then, oxalic acid was added to the final precursors 
and homogeneous oxalates were precipitated. The precipitate was 
dried at 120 1C overnight and calcined at 1000 1C for  1 hour under  
static air. The oxide powder was then sintered using a Dr Sinter 
2080 SPS system (Sumitomo Coal Mining Co., Tokyo, Japan). SPS 
conditions were maintained at 800 1C under  100 MPa for 20  
minutes. As-sintered specimens underwent post-annealing at 
600 1C for 12 hours in static air. More processing details are 
described in ref. 22.  Au and Pt electrodes (99.99%, Kurt J. Lesker  
Company, USA) were coated by a sputter coater (EMS 150 R S, 
Electron Microscopy Sciences, USA). Ag electrodes were painted on 
and dried in air. Impedance measurement was performed using a 
computer-controlled LCR meter (HP 4284A, Hewlett-Packard, USA).
Results and discussion
Fig. 1(a) shows the frequency dependence of the dielectric 
properties of n-NITO ceramics with diﬀerent metal electrodes 
at room temperature. Both e0 and tan d are almost invariant to 
the kind of electrode. The slight diﬀerence with the electrode 
metal in this work is much smaller than the reported electrode–
ceramic interface effect in Nb + Ga co-doped rutile TiO2, which 
showed an order of magnitude difference.15 The relaxation in e0 
and tan d above 350 K shown in Fig. 1(b) may be caused by this 
electrode–ceramic interface. Similar observations are also reported 
in NITO and other ceramics.14,23 It is often caused by charge 
accumulation at an interface due to the delocalized electron at 
high temperatures. Then, the relaxation at the higher temperature 
could be associated with the electrode/sample effect, but it is 
unlikely that it is the origin of the large permittivity (e0 B 5000) 
below room temperature. Fig. 1(b) shows that the dielectric proper-
ties possess a stable temperature-independent characteristic at 
lower temperatures.
both the Maxwell–Wagner and dipolar relaxations requires
much larger Ea to describe either an interfacial potential barrier
at the grain boundaries25 or an ionic motion over the local
potential well.26,27 As a result, relaxations corresponding to
either of those mechanisms are observed at higher temperatures
(T4 R.T.) due to the large value of Ea.
1,28–31 Thus, these types of
relaxations are both ruled out as an origin of the large relaxation
in Fig. 2. Instead, the smaller value of Ea suggests that the
relaxation may originate from a localized electronic motion.
The measured Ea = 9.33  103 eV and t0 = 1.44  109 s are
close to typical polaronic relaxations inmanymaterial systems, as
shown in Table 1. Thus, hopping and trapped electrons are
believed to cause the relaxation phenomena.32 The electron
hopping between two cation sites corresponds to a redistribution
of charge and creation of a local dipole, and this can result in a
large permittivity. One can find from eqn (2) that the smaller
values of Ea and t0 should result in a fast relaxation process at a
fixed temperature, so that the hopping type of relaxations have
been observed at low temperature (T o 100 K) with a frequency
range of less than 106 Hz.33–36 In our case, the characteristic
time constant t exponentially became faster (smaller) as the
temperature increased, and then it reached t B 6  108 s at
30 K, which corresponds to fr 4 2  106 Hz. Hence, relaxation
was not clearly observed in the measured frequency range above
30 K in Fig. 2(a). The temperature–frequency stable characteristics
of e0 in Fig. 1 are then attributed to the small values of t0 and Ea by
increasing the fr out of the measurement frequency range ( fr 4
106 Hz). Also, our result, Ea = 9.33 103 eV and t0 = 1.44 109 s,
predicts that the dispersion appears at frB 7  107 Hz at 298 K,
which is consistent with the frequency-independent large
permittivity of amorphous NITO thin film up to 107 Hz.8 For
practical applications, the utilization of hopping polarization
with the smaller values of Ea and t0 should have an advantage
for the more stable temperature–frequency characteristics in a
capacitor application. Our previous report demonstrated that the
fast and low temperature processing by SPS may have been helpful
to achieve such novel characteristics by suppressing the IBLC
effect.22 When the hopping polarization is involved, the peak
maximum of the loss peak can be represented by37
Temax
00 ¼ N0m
2
3kB
exp
Ea
kBT
 
(3)
where m andN0 are the local dipolemoment and the pre-exponential
factor of the hopping dipole. emax00 is the loss peak maximum at
various temperatures obtained from Fig. 2(a). The Arrhenius form
of eqn (3) is then plotted in Fig. 2(b). As can be seen, the
experimental data follow eqn (3). The Ea = 2.01  103 eV value
was found to be relatively smaller than the Ea = 9.33  103 eV
value from eqn (2), but the same order is maintained. Then, the
Fig. 2 (a) Frequency dependence of e0 and e00 in n NITO at diﬀerent
temperatures (T = 16.6 31.2 K), and (b) the Arrhenius plot of the Debye
model (eqn (2)) and the thermally activated hopping model (eqn (3)).
Table 1 Summary of relaxation parameters for diﬀerent mechanisms
Material Ea (eV) t0 (s) Mechanism Ref.
CaCu3Ti4O12 0.60 7  10 14 Maxwell Wagner 1
TiO2 0.70 2  10 11 Maxwell Wagner 28
Mg doped BaTiO3 0.46 0.53
a
Dipolar Mg
00
Ti V

O
 
29
Zr doped SrTiO3 0.77 0.86
a
Dipolar V
00
Sr V

O
 
30
NiO 0.30 1.6  10 6 Dipolar Ni 0Ni VNi
 
31
SrTi1 x(Mg1/3Nb2/3)xO3 0.005 (1.4 1.7)  10 9 Polaronic 33
SrTiO3 SrMg1/3Nb2/3O3 0.001 10
10 10 8 Polaronic 34
Pr1 xCaxMnO3 0.04 0.14 10
11 2.5  10 9 Polaronic 35
TiO2 x 0.02 10
7 10 8 Polaronic 36
a Not given in the references.
eðoÞ ¼ e1 þ es e1
1þ jotHNð Það Þb
(4)
Eqn (4) is reduced to eqn (1) when a = b = 1. Also, a = 1, 0o bo 1
is referred to as the Cole–Davidson equation. a is the parameter
for the peak breadth of the distribution and b is the parameter for
the symmetricity of the distributed function. Fig. 3(a) shows the
fitting results with the H–N model and the Debye model (a = b = 1).
The best fit was given with the exponents; a = 0.63, b = 0.99, and
the characteristic time constant tHN = 8.9  107 s, respectively.
Such a low value of a indicates that the relaxation time is widely
distributed, but with a symmetrical distribution (b = 0.99). The
observed relaxation should then be explained by the Debye-like’’
relaxation with the distribution function. The distribution function
is given as follows:19,38
F t=tHNð Þ ¼ 1p
 
t=tHNð ÞabsinðbyÞ t=tHNð Þ2aþ t=tHNð Þaþ1
 b=2
(5)
with
y ¼ arctanffg ðf4 0Þ
y ¼ arctanffg þ p ðfo 0Þ
(6)
f ¼ otHNð Þ
asinðpaÞ
t=tHNð Þaþ cosðpaÞ (7)
Fig. 3(b) shows F(t/tHN) at 16.6 K in n-NITO ceramics calculated
with a = 0.63, b = 0.99 and tHN = 8.9 107. As expected, F(t/tHN)
is nearly symmetric and widely distributed over decades. The
distributed t is often ascribed to a distribution of activation
energy.39,40 In this case, we believe that it originates from
localized states interacting with the surrounding ions, as suggested
for polaronic hopping.41 The multiple Debye-type relaxations with
distributed Ea overlap each other and show a broad distribution of
t.20 It is suggested that dielectric relaxations in Fig. 2(a) and 3 are
associated with the electron hopping among the distributed
potential wells. The total time for the electron to move and for
the surrounding atoms to reach the thermal equilibrium positions
may vary with each localized state. Then, the dopant should also
play an important role in increasing the number of the local
dipoles, N. Nb-doping increased the carrier concentration and the
number of Ti
0
Ti sites. The increased number of hopping electrons
should enhance the N value, contributing to the net polarization.
In fact, it was reported that Nb-only doped TiO2 could show a large
permittivity (e0 4 104) with tand4 0.1, while In-only doped TiO2
produced e0 B 120.7 Since Nb and In co-doped TiO2 showed a
lower loss (tand o 0.1), In-doping may influence the localized
states of electrons. The hopping model proposed in this work may
not contradict the defect cluster model.7 Maglione et al. suggested
that the electron relaxation could occur in the defect cluster at low
temperatures.42 Further work is needed to better understand how
the defects are involved with the relaxation.
Unfortunately, the good fitting results with eqn (4) could not be
obtained above T4 22 K, due to the lack of a higher frequency part
of e00. However, the relationship ln(tHN) vs. 1/T in the small tempera-
ture range yielded similar results to Fig. 2 and eqn (2) (Ea = 6.8 
103 eV and t0 = 7.9 109 s). This is probably because F(t/tHN) was
nearly symmetrical, so it did not aﬀect the position of the loss peak.
Thus, we believe that the previous result of t0 and Ea shown in Fig. 2
should be valid. Fig. 4 shows the normalized loss peak from Fig. 2(a).
The peak shape is almost invariant with temperature. In addition,
the slope of the left side of the loss peak at even higher temperatures
up to 31.2 K in Fig. 2(a) was also invariant with temperature change
(sB 0.48  0.02 in e00 B os). Thus, a, b and hence the distribution
function were probably not very sensitive to temperature in the
measured temperature range. Similar observations have been
reported.43,44 Therefore, similar F(t/tHN) is expected in the
measured temperature range in Fig. 2.
Fig. 3 (a) The e* plot of n NITO fitted with the Debye model and the
Havriliak Negami (H N) model, and (b) the calculated distribution func
tion, F(t/tHN), at 16.6 K. The FWHM was found to be B1.45.
electron hopping model in n-NITO is therefore further suggested in 
this system. The small discrepancy is discussed in a later section.
Fig. 3(a) shows a complex permittivity e* plot of n-NITO at 
16.6 K. Clearly, the ‘‘suppressed’’ semi-circle of e*(o) suggests 
the deviation from the Debye relaxation. The e*(o) value in 
eqn (1) can be expressed using a more general form, known as 
the Havriliak–Negami (H–N) relaxation:19
For the hopping electrons, frequency-dependent a.c. conductivity
is expected.21 In the case of a constant activation energy profile,
the a.c. conductivity is expected to be constant as a function of
the frequency and determined by the barrier height between two
states (Fig. 5(a)). In the double potential well, the a.c. conductivity
tends to be zero at lower frequencies because of the infinite
potential. The conductivity then increases at higher frequencies
because of the Debye-like transition in Fig. 5(b). The theory
for this type of hopping conduction had been proposed as
follows:32,45,46
s0ðoÞ ¼ A
kT
exp
E0
kT
 
o2t
1þ ðotÞ2 (8)
where A, E0 and t0 are the constants for the hopping, the energy
diﬀerence separating two sites and the characteristic relaxation
time. Here, t should be close to tHN. One can find that eqn (8)
has a form of s0(o) B oe00(o) with a Debye loss term,
(ot/1 + (ot)2). Then eqn (8) predicts s0(o) p o2 at o o or
and s0(o) = const. at or o o at fixed temperature as shown
Fig. 5(b). In the case of the multiple activation energies, a
combination of the Debye-like transition gives rise to the step-
like profile corresponding to each activation energy (Fig. 5(c)).
Fig. 6 shows the frequency dependence of the a.c conductance,
Y(o), of n-NITO ceramics as a function of temperature. The Y(o)
value greatly increased with the increase of f. The slope, s, is
found to be s B 1.47 at f B 104 Hz and s B 0.63 at the higher
frequency side of fr with a slight temperature dependence. The
frequency dependence of the experimental data, s B 1.47, in
Fig. 6 cannot be explained by the simple hopping model in
Fig. 5(a)–(c). This is because the activation energies in n-NITO
are expected to be widely distributed as suggested by the H–N
fitting. As shown in Fig. 5(d) and (e), such widely distributed
potential wells would give rise to the smooth profile in the a.c.
conductivity by overlapping the step-like profile. Thus, Y(o) at
16.6 K was fitted including distribution parameters. The H–N
model gives e00(o) in the following form:19
e00(o) = (es eN)r
b/2 sin bY (9)
with
r ¼ 1þ ðotÞa sin ap
2
 n o2
þ ðotÞa cos ap
2
 n o2
(10)
Y ¼ arctan
ðotÞa cos ap
2
 
1þ ðotÞa sin ap
2
 
8><
>:
9>=
>; (11)
Combining eqn (9)–(11) with s0(o)B oe00(o), as in eqn (7), the
Debye term is modified (s0(o)p os). Fig. 6(b) shows the fitting
result with eqn (8) and with the distribution function including
Fig. 4 Normalized e00 of permittivity in n NITO at diﬀerent temperatures.
Fig. 5 Frequency dependence of the hopping conductivity for diﬀerent potential energy profiles: (a) periodic constant activation energy, (b) a single
bi well, and (c) a potential profile with three diﬀerent activation energies, modified and redrawn from ref. 21. (d) The distributed potential well proposed in
this work, and (e) the expected conductivity profile with the potential energy profile of (d). Notations l and r in (d) represent the hopping direction and 1,
i and n represent the lattice sites.
eqn (9)–(11). The model modified by the distribution function 
fits very well with the experimental data for both sides of or. 
This result proves that the Y(o) value is affected by the 
distributed potentials in n-NITO at low temperatures.
In summary, dielectric spectroscopy and the H–N fitting 
predict the hopping electrons around the distributed localized 
states contributing to the CP. The distributed hopping model 
introduced here successfully explains both the broad peak in 
the dielectric loss and the frequency-dependent a.c. conductance. 
The results demonstrate that the observed two phenomena are 
correlated and support the proposed distributed hopping model.
Conclusions
We performed dielectric spectroscopy on a SPS n-NITO ceramic 
system. The electrode–ceramic interface effect was ruled out as 
the origin of the large permittivity. Huge dielectric relaxation 
was observed below 35 K. The H–N analysis suggested that the 
Debye-like relaxation had symmetric and distributed nature. 
The temperature dependence of the distribution was shown to
be weakly dependent on temperature. The fast relaxation process,
owing to the small values of Ea and t0, suggests that the
relaxation is attributed to the hopping motion of electrons, which
are believed to be localized at the cation site. The mean relaxation
time was found to be much faster than that of dipolar reorientation
or interfacial relaxation. The a.c. transport at this temperature range
was successfully explained by the hopping conduction model with
H–N parameters. The strong correlation between the relaxation and
the a.c. conductance suggests that the large dielectric relaxation and
broadened distribution should be associated with the hopping
motion of localized electrons. A modified hopping model was
introduced to account for this effect and should be applied to other
systems involving localized hopping behavior.
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